A green light-emitting diode ͑LED͒ was fabricated using self-assembled In-rich InGaN quantum dots ͑QDs͒. The photoluminescence studies showed that the QDs provide thermally stable deeply localized recombination sites for carriers with negligibly small piezoelectric field. The electroluminescence spectra of the LED showed a peak in the green spectral range and the dominant peak was blueshifted with increasing injection current due to the distribution of depth of the potential wells of QDs. The output power of the LED increased with increasing injection current, indicating that the potential wells are thermally stable and deeply localized in the QDs. 3 In addition, the existence of quantum-confined Stark effects induced by the strong built-in piezoelectric field in the highly strained high In-content InGaN / GaN MQWs results in a reduction in the carrier recombination rate by increasing the spatial separation between the electron and hole wave functions involved in the radiative recombination. 4, 5 To reduce or eliminate the polarization-induced detrimental effect, GaN thin films grown along the nonpolar or semipolar direction have been investigated by several groups and some improved results on the nonpolar LEDs have been reported. 4, 6, 7 However, the structural and optical properties of the nonpolar GaN epilayers are still much inferior to those of the c-plane GaN and it is needed to further improve the crystal quality of nonpolar GaN epilayers. Furthermore, there are many difficulties associated with the growth of high Incontent InGaN layers, due to the high volatility of In atoms and a compositional pulling effect caused by the large lattice mismatch between InGaN and GaN. These factors can inhibit the incorporation of In atoms into the InGaN layers. 8, 9 In order to achieve high brightness green LEDs, it is essential to improve the internal quantum efficiency of the InGaN / GaN MQWs with a high In-content InGaN well layer or to develop an alternative InGaN quantum dot active layer for green LEDs.
Recently, group III-nitride based light-emitting diodes ͑LEDs͒ have attracted considerable attention for solid-state lighting and display applications. Blue and green LEDs based on the InGaN / GaN multiple quantum wells ͑MQWs͒ are now available, but the green LEDs show a much lower efficiency compared to blue LEDs.
1,2 This can be attributed to the low internal quantum efficiency of high In-content InGaN / GaN MQWs for green LEDs. The large difference in the lattice parameter between high In-content InGaN well layer and GaN barrier layer induces dislocations that act as nonradiative recombination centers in the InGaN / GaN MQW. 3 In addition, the existence of quantum-confined Stark effects induced by the strong built-in piezoelectric field in the highly strained high In-content InGaN / GaN MQWs results in a reduction in the carrier recombination rate by increasing the spatial separation between the electron and hole wave functions involved in the radiative recombination. 4, 5 To reduce or eliminate the polarization-induced detrimental effect, GaN thin films grown along the nonpolar or semipolar direction have been investigated by several groups and some improved results on the nonpolar LEDs have been reported. 4, 6, 7 However, the structural and optical properties of the nonpolar GaN epilayers are still much inferior to those of the c-plane GaN and it is needed to further improve the crystal quality of nonpolar GaN epilayers. Furthermore, there are many difficulties associated with the growth of high Incontent InGaN layers, due to the high volatility of In atoms and a compositional pulling effect caused by the large lattice mismatch between InGaN and GaN. These factors can inhibit the incorporation of In atoms into the InGaN layers. 8, 9 In order to achieve high brightness green LEDs, it is essential to improve the internal quantum efficiency of the InGaN / GaN MQWs with a high In-content InGaN well layer or to develop an alternative InGaN quantum dot active layer for green LEDs.
It has been reported that the In-rich regions in InGaN layers play an important role in increasing radiative recombination efficiency by forming potential minima for localized carrier recombination in spite of the high density of dislocations in InGaN layers. [10] [11] [12] [13] In this work, we report on the fabrication and characterization of green LEDs with phaseseparated In-rich InGaN quantum dots ͑QDs͒ embedded in the InGaN active layer.
The In 0.16 Ga 0.84 N film was grown on c-plane sapphire substrates at a pressure of 200 Torr by metalorganic chemical vapor deposition. To enhance the formation of selfassembled QDs via phase separation, a 30-nm-thick In 0.16 Ga 0.84 N film was grown on the rough GaN surface which has a root mean square ͑rms͒ roughness of 2.35 nm. A cross sectional transmission electron microscopy ͑TEM͒ result shows that the QDs with a size of 2 -5 nm are selfassembled in the InGaN matrix, as shown in the Fig. 1 . A detailed description of growth conditions and the mechanism of formation of QDs spontaneously formed in the In 0.16 Ga 0.84 N layer grown on the rough GaN surface were reported in the previous work.
14 The of a 25-nm-thick GaN buffer grown at 550°C, a 2-m-thick undoped GaN layer grown at 1050°C, a 2-m-thick n-GaN : Si layer with an rms roughness of 2.35 nm, QDs in the 30-nm-thick In 0.16 Ga 0.84 N layer grown on the n-GaN:Si layer at 750°C, followed by a 200-nm-thick Mg-doped p-GaN layer grown at 900°C. To fabricate LEDs with a size of 300ϫ 300 m 2 , the p-GaN layer was etched by means of an inductively coupled Cl 2 /CH 4 /H 2 / Ar plasma until the n-GaN layer was exposed for n-type Ohmic contact formation. Ti/ Al and Ni/ Au layers were used as n-and p-type electrodes, respectivley. The detailed procedure for the fabrication of LEDs has been published elsewhere. 15 Figure 2͑a͒ shows the excitation power dependent photoluminescence ͑PL͒ spectra measured at room temperature for the InGaN film with low In content for green emission, which was grown on the rough GaN surface. PL was excited by a 325 nm continuous He-Cd laser and the excitation power was varied from 2.7 to 27 mW by using neutral density filters. The laser was focused onto the sample surface by the objective lens, and the diameter of an excitation area was estimated to be about 400 m. The range of excitation power was sufficient to investigate the effect of piezoelectric field on the recombination of carriers in the QDs. 16 The spectra exhibit mainly two broad emission peaks centered at 469 and 529 nm, which correspond to the In-poor InGaN matrix and QDs, respectively.
14 The additional peaks around the main peaks are the result of Fabry-Pérot interference fringes. The emission peak of the QDs is broadened toward the higher energy side with increasing the excitation power. The full width at half maximum ͑FWHM͒ of the PL peak of the QDs is increased from 210 to 225 meV with increasing the excitation power from 2.7 to 27 mW. The increase of the FWHM of PL peak with increasing the excitation power indicates that the piezoelectric field is negligibly small in the QDs. If the piezoelectric field was present in the QD, the PL peak would show a blueshift and the FWHM of the PL peak would decrease with increasing the excitation power due to the screening of piezoelectric field by the increased free carriers.
1, 16 The InGaN QDs formed by phase separation are spherical dots surrounded by In-poor InGaN matrix in three dimension, as shown in TEM results. It was reported that the isotropic confinement and polarization in the QDs would lower the effect of piezoelectric field compared to the case of QWs. 13 A theoretical study also showed that the polarization vanishes inside the spherical dots because hydrostatic distortion does not cause a piezoelectric effect, resulting in a negligible piezoelectric field within a spherical dot. 17 Figure 2͑b͒ shows an Arrhenius plot of the normalized PL intensity for the QD-related PL emission over the temperature range from 10 to 300 K. The integrated PL intensity remains strong as much as 11% of that at 10 K which is about one order of magnitude higher than that of the green emitting InGaN / GaN MQWs, 2 indicating a strong spatial localization of the excitons in the QDs. The calculated thermal activation energy at T Ͼ 100 K is estimated to be about 125 meV, which is about four times larger than that of the green emitting InGaN / GaN MQW structures.
2, 18 From the PL studies, we can conclude that the QDs provide thermally stable deeply localized recombination sites for carriers with a neg- ligibly small piezoelectric field. These are beneficial for increasing the internal quantum efficiency of green lightemitting active layer in LEDs. Figure 3 shows the current-voltage ͑I-V͒ characteristic of a green LED with QDs in the InGaN active layer. The series resistance of the LED was 30.1 ⍀ and the forward operating voltage at an injection current of 20 mA was 2.91 V. The forward operating voltage was lower by 0.6 V than that of typical InGaN-based MQW green LEDs. The low operating voltage is attributed to the reduced energy barriers caused by an absence of piezoelectric field in the QDs 19 and the improved Ohmic contact due to an increased contact area between the p-type electrode and the rough p-GaN layer. 20 The p-GaN surface was roughened by the underlying rough InGaN layer which contains the self-assembled QDs.
14 Figure 4 shows the green electroluminescence ͑EL͒ spectra of the QD LED observed at various input currents. The EL spectra show a peak in the green spectral range at low input current, indicating that the carriers recombine only at the potential minima of QDs embedded in the InGaN layer when the injection current is low. In the PL process, electrons and holes are generated simultaneously both in the QDs and the InGaN matrix, resulting in the strong two PL peaks centered at 469 and 529 nm even at low excitation power as shown in Fig. 2͑a͒ . In the EL process, however, the injected electrons and holes are transported and captured in the QDs, resulting in a strong EL emission in the long wavelength region of 524 nm, as shown in Fig. 4 . The dominant peak is shifted to the higher energy side with increasing injection current, which is attributed to the distribution of depth of potential wells caused by variation in the In composition or the size of the QDs. The electrical carriers injected into the active layer recombine in the deeper potential wells at a low injection current, but recombine in the shallow potential wells at high injection currents, resulting in an EL peak shift to a higher energy side. When the input current increases up to 200 mA, another peak around 445 nm appears, which corresponds to a recombination of carriers in the In-poor InGaN matrix. Figure 5 shows the optical output power of the QD LED as a function of input current. The optical output power of the QD LED was increased with increasing the injection current without showing saturation. This result can be attributed to the thermally stable and deeply localized states of QDs that provide deep potential wells for the radiative recombination of carriers.
In summary, a green LED was fabricated using QD that were self-assembled in the InGaN layer. The PL studies showed that the QDs had large thermal activation energy and negligibly small piezoelectric field. The deeply localized QDs showed a green EL peak and the dominant peak was shifted to the higher energy side with increasing injection current due to the distribution of the depth of the potential wells caused by variation in the In composition or the size of the QDs. The optical output power increased with increasing injection current without showing saturation, indicating that the QDs provide thermally stable and deeply localized states for injected carriers in green LEDs. 
